ILUMIEN I is the largest prospective, non-randomized, observational study of percutaneous coronary intervention (PCI) procedural practice in patients undergoing intra-procedural pre-and post-PCI fractional flow reserve (FFR) and optical coherence tomography (OCT). We report on the impact of OCT on physician decision-making and the association with post-PCI FFR values and early clinical events.
Introduction
Since its introduction in 1977, safety and efficacy outcomes after percutaneous coronary interventions (PCI) have improved significantly through advances in device technology, adjunctive periprocedural pharmacology, and operator experience. Although the majority of PCIs are performed under angiographic guidance, use of fractional flow reserve (FFR) for confirmation of PCI appropriateness 1,2 and intracoronary imaging for optimization of procedural technique 3, 4 may lead towards further improvement of PCI outcomes. Several components of procedural optimization cannot be accurately assessed by angiography, e.g. sizing of stent length and diameter, the presence of residual thrombus, wall coverage, and stent strut apposition. These features can be precisely evaluated with the use of intravascular Fourier domain optical coherence tomography (OCT). Optical coherence tomography acquires longitudinal sequences of cross-sectional images (100 frames/s) in a blood-free environment, resulting in sharp border definition between lumen and vessel wall. Together with high axial resolution (10-15 microns), volumetric segmentation of vessel and wall contours facilitates more rational selection of stent size and length, as well as ascertainment of full stent deployment and expansion. ILUMIEN I is to date the largest prospective, non-randomized, observational study of PCI practice in patients undergoing preand post-PCI FFR and OCT. The objective was to define guidance parameters for stent optimization. This manuscript reports on the impact of OCT on physician decision-making, procedural findings, and early clinical events.
Methods

Study protocol Inclusion and exclusion criteria
Patients providing written informed consent for inclusion in the study protocol presented with stable angina, unstable angina, or NSTEMI, and underwent elective or 'ad hoc' PCI of de novo, single or multivessel coronary artery stenosis. Up to two major vessels and three lesions could be treated, with no more than two lesions per major coronary artery. Subjects with acute STEMI, emergent PCI, cardiogenic shock, restenosis or stent thrombosis, target left main stenosis, aorto-ostial or diffuse disease, extreme angulation, or calcification were excluded, as well as planned use of bare metal stent (see detailed list of inclusion and exclusion criteria in Supplementary material online, Appendix 1). The study was conducted in 35 sites with balanced patient inclusion between continents: USA 36%, Europe 31%, Japan 23%, Asia 6%, Canada 41%, and Australia 3% (list of investigators and clinical sites in Supplementary material online, Appendix 2).
Study flowchart
Acquisition of pre-and post-PCI FFR and OCT was required for collection of paired functional and anatomical data, according to standardized technique and reporting. Further to indications for PCI based on clinical grounds, intervention was recommended in target vessels with abnormal FFR (≤0.80). After angiography, investigators were requested to describe the planned PCI strategy based on available angiographic data. Pre-PCI OCT was intended to be documentary, but any changes from the initial plan were carefully recorded. Next, PCI and stent placement were performed using angiographic guidance, per individual investigator standard of care. When a 'best of care' angiographic result was obtained, post-PCI standardized documentary FFR was recorded and OCT data were acquired. When operators felt that the OCT result was clinically unsatisfactory, further optimization was performed followed by repeat imaging (Figure 1 ). Recommendations to intervene or not to intervene based on post-PCI angiographic and OCT findings were not prescriptive and limited to severe abnormalities: flow-limiting edge dissection, significant malapposition, thrombus/tissue protrusion with flow reduction, stent under-expansion ≥30% compared with reference distal lumen. All investigator treatment decisions were recorded on procedural worksheets at the time of intervention.
Analysis of angiography, fractional flow reserve, and optical coherence tomography Devices used in the present study are described in Supplementary material online, Appendix 3. Co-registered images from coronary angiography, FFR, and OCT were analysed by the core laboratory for pre-specified variables including lesion morphology and extent of disease, vessel injury (dissection, thrombus, tissue prolapse) and stent apposition, volume, area, diameter, expansion, positioning, length, and geographical miss 4 -6 To report on physician decision-making, on-site In the absence of clinical symptoms, the elevation of cardiac enzymes was required to be at least 3 times the UNL and 5 times the baseline value to conservatively classify patients with elevated baseline values. All relevant data were collected at screening, baseline, pre-PCI, during and post-PCI, at hospital discharge, at 1-, 6-, and 12-month follow-up. The Clinical Event Committee (CEC) adjudicated on an ongoing basis the adverse events reported during the study. The CEC consisted of interventional cardiologists who were blinded to individual subject and site identities (see Supplementary material online, Appendix 4). They classified reported adverse events according to adverse event type/code, severity, relatedness, and unanticipated category. Listings were reviewed on a quarterly basis to check whether events met adjudication criteria. Furthermore, all MACE events (MI, death, revascularization, and stent thrombosis) were adjudicated.
OCT imaging during PCI impacts physician decision-making
Study objectives, statistical analysis, and reporting
No formal sample size calculation was applied since this was an observational study. The study objective was to define guidance parameters for stent optimization. This manuscript reports on the impact of OCT on physician decision-making and the association with post-PCI FFR values and early clinical events. Data analysis was performed on a per subject basis, unless specified otherwise (lesion or stent-related variables are shown on a per stenosis basis). Demographic variables, procedure characteristics, adverse event rates, and additional characteristics were analysed. Continuous and categorical variables were assessed using an ANOVA F-test and Fishers Exact MCMC P-values, respectively.
Informed consent process
Prior to enrollment, patients were fully informed of the details of the study protocol that was approved by local Medical Ethics Committee and relevant authorities. Written informed consent was obtained from all participating patients.
Results
Demographics and baseline characteristics
Of 1069 patients screened, 418 patients (467 stenoses) qualified for inclusion (Consort diagram on Figure 1 ). Mean age was 64.6 + 10.2, 24.5% female, with typical risk factors (family history 34%, BMI 29 + 15, diabetes 37%, treated arterial hypertension 72%, peripheral vascular disease 10%, present or past smoking 47%, prior or current hyperlipidaemia 76%).
Clinical presentation was stable angina (63%), unstable angina (22%), NSTEMI (11%), or silent ischaemia (4%). Previous MI was present in 24% and prior PCI in 20%. Target vessel was left anterior descending coronary artery in 59%, right coronary artery in 22%, and circumflex in 19%, with mostly PCI of a single lesion (90%) or two lesions in the same vessel (10%). Stenosis severity at baseline was 73 + 15% diameter stenosis by angiography and 0.72 + 0.14 by FFR.
Detailed use of medication at baseline and at 30 days is available in Supplementary material online, Appendix 5. At 30 days, aspirin was used in 96% of patients, clopidogrel in 82%, and other antiplatelet agents in 20%. Anticoagulation (mostly for atrial fibrillation) was prescribed in 8% of patients.
Impact of optical coherence tomography on physician decision-making
Following pre-PCI angiography, FFR, and OCT, PCI was performed in 418 patients/467 lesions. In this study population, pre-PCI FFR was obtained in 379 patients/423 lesions, and pre-PCI OCT was obtained in 411 patients/459 lesions ( Figure 2 ). Pre-PCI FFR was not performed in 9.4% and pre-PCI OCT was not performed in 1.7% of the treated lesions. Following pre-PCI OCT, treatment planning was modified in 55% of patients (57% of all stenosis), in 7-80% of cases per site.
Stent implantation was performed based on angiography by best practice. Additional unplanned stent implantation and post- dilatations were performed in 40 cases until the PCI result was seen as satisfactory by angiographic standards, as determined by the investigator. Post-PCI FFR was documented in 83% of patients (84% of all lesions) and post-PCI OCT in 98% of all patients/stenoses (Figure 2) . Edge dissection, malapposition, and under-expansion were commonly observed on post-PCI OCT ( Table 1) . Post-PCI result was deemed as unsatisfactory by OCT imaging which led to further optimization in 106 patients (25%) or 125 stenoses (27% of all lesions), in 8-55% of cases per site.
Post hoc subgroup analysis per optimization strategy ( Table 2 ) accounts for changes in treatment planning and performance based on OCT findings: pre-PCI only, post-PCI only, pre-PCI and post-PCI, or no change based on OCT (neither pre-or post-PCI). Few baseline variables were significantly different between optimization subgroups ( Table 2) . Pre-and post-PCI treatment changes based on OCT occurred less often when the lesions were single, in which post-PCI % diameter stenosis was low (13.6 + 16.0) and post-PCI FFR was high (0.89 + 0.07).
Otherwise, there were no significant differences in clinical background, demographic variables, or PCI indications between subgroups. There was no difference in use of medication at baseline and at 30 days between optimization subgroups (see Supplementary material online, Table S1 , Appendix 5).
Change in percutaneous coronary intervention procedure and resource utilization
Change in planned treatment strategy based on pre-PCI OCT led to changes in selection of stent length (shorter in 25%, longer in 43%, and was unchanged in 32%). Selection of stent diameter decreased in 31%, increased in 8%, and was unchanged in 61%. The number of stents was unchanged in 87%, and the number of implanted stents per patient did not change (1.12 + 0.34 planned vs. 1.21 + 0.45 implanted, P ¼ 0.49).
Post-PCI OCT findings prompting further procedural optimization were malapposition, under-expansion (both P , 0.001), and edge dissection (P ¼ 0.0034) (see Supplementary material online, Table S2 , Appendix 6). These OCT findings led mostly to additional in-stent post-dilatation (81%, 101/124), new stent placement (13%), or both (3%). Further to implantation of 20 additional stents (in 4% of all stenoses treated), the number of stents per patient was significantly higher after optimization based on post-PCI OCT ( Table 3) .
Fluoroscopy time and procedure duration increased when operators decided to react to OCT findings. Total amount of contrast used was not different and no case of contrast-induced nephropathy or other serious adverse events related to OCT imaging were observed.
Procedural outcomes, in-hospital and 30-day follow-up
Pre-PCI FFR values were similar between optimization subgroups ( Table 3) . Functional effect of PCI on FFR measurements was different between optimization subgroups (P ¼ 0.003): 0.89 + 0.07, 0.89 + 0.07, 0.89 + 0.08, and 0.86 + 0.09, lower in cases with pre- malapposition decreased from 48 to 9% (P , 0.001), stent underexpansion from 27 to 0% (P , 0.001), and edge dissection from 8 to 0% (P ¼ 0.014). Low rates of device-oriented and patient-oriented MACE were noted ( Table 4 ) both in hospital and at 30 days. Rates of clinically significant periprocedural MI were found to be different when procedural changes were made based on pre-and post-PCI OCT (P ¼ 0.029). The overall rate of in-hospital MI was 6.9% by ARC and 6.4% by Universal MI definitions. Other event rates were very low, including stent thrombosis ( Table 4) .
Discussion
ILUMIEN I study aims at defining and evaluating OCT parameters for optimization of PCI procedures and clinical outcomes. The initial procedural findings and 30-day outcomes are important to report based on the high impact of OCT imaging on physician decisionmaking, as listed below:
-Optical coherence tomography could be applied both pre-PCI and post-PCI with success rates of 98% of patients (91% of all lesions). -Physician decision-making was influenced by OCT findings either pre-PCI and/or post-PCI in 66% of patients (68% of lesions). -Physician decision-making was influenced both pre-and post-PCI more often in patients with more complex disease. -As reported by Prati et al. 10 abnormal findings by OCT imaging were common after 'optimal' PCI by angiographic standards. Physician decision to react on post-PCI OCT abnormalities identified a subset of coronary lesions with more frequent malapposition, edge dissection, and stent under-expansion. -Additional in-stent post-dilatations and stent implantations were used to correct unsatisfactory post-PCI results, namely stent under-expansion and malapposition by OCT that were not apparent on angiography. -MACE events, including stent thrombosis, were very low in all optimization subgroups. Changes in pre-and post-PCI procedure based on OCT imaging were associated with low rates of periprocedural MI. -Identical final FFR values were obtained through different optimization sequences.
Clinical relevance
Residual risk and opportunities for further outcome improvement of PCI remain, especially in complex patient and lesion subsets currently treated in real-life practice. In patients with multivessel revascularization, MI rates remain high with PCI compared with bypass surgery at all early and later time points. 11 In the FAME 2 trial, potential benefit of revascularization over best of medical care was jeopardized by higher event rates in the PCI group than in the medical therapy group (2.2% vs. 0.9%; hazard ratio, 2.49), mostly periprocedural MIs occurring within the first 7 days after PCI. 12 In patients undergoing elective PCI, any periprocedural event will jeopardize the potential long-term benefit of revascularization. 13 In-hospital findings of ILUMIEN I do raise the intriguing hypothesis that safety of PCI could be further improved by reducing the rates of periprocedural MI. Severe stent under-expansion and malapposition are known to induce turbulences and pressure loss. 14 Platelet aggregation and distal emboli may occur, especially with high residual platelet reactivity. 15, 16 This hypothesis should inform the design of prospective, randomized trials aiming at establishing the clinical superiority of OCT-guided PCI vs. sole angiographic guidance. In addition to anticipated reductions in mortality, death, stent thrombosis, or repeat revascularization in the longer term, prospective guidance trials should be powered to assess a difference in periprocedural MI rates, as an important metric of PCI optimization for improved safety.
Role of optical coherence tomography and fractional flow reserve for percutaneous coronary intervention optimization
Interestingly, pre-PCI OCT imaging had a high impact on the decision-making process, especially pre-PCI when OCT was intended to be documentary in the absence of prescriptive 'guidance' recommendations. Indeed the planned strategy was modified in more than half of the cases. Optical coherence tomography imaging post-PCI seemed to offer additional opportunities for optimization of procedural PCI technique. Residual edge dissections have been associated with both DES thrombosis and restenosis. 5, 10 Stent under-expansion and small minimal luminal area are strong predictors of late stent failure. 17 Other 'abnormalities' may not be of clinical relevance. 18 Analysis of 1-year outcomes in ILUMIEN I, including additional events, will likely contribute to further defining which OCT parameters and degree of abnormality require optimization, along with other studies. 10 Using documentary FFR as an intermediate yardstick for PCI optimization was attempted in the present study. Final post-PCI FFR is known as a strong predictor of outcome. 19 This parameter is a better indication for reduction of ischaemic flow than angiography and quantitative coronary angiography. 20 A detailed analysis of the crosstalk between stent/vessel anatomy by OCT and functional outcome by post-PCI FFR may help qualifying the significance of "abnormal" OCT findings, for potential inclusion in future procedural optimization strategies.
21,22
Study limitations
Study population was restricted to elective procedures in patients with either stable or unstable condition. PCI complexity was fair, not excessive; single vessel PCI was dominant; no planned bare metal stents or bioresorbable scaffolds were used. Patients with acute STEMI, left main PCI, severe chronic kidney disease, and a number of other high-risk features were not included. Physicians were provided general recommendations when to and when not to intervene but were not required to follow them in the context of an observational study. In addition, these short-term results, although important, may vary after the 12-month results are tallied in terms of clinical events. Since no prescriptive recommendations were provided in the protocol, a wide variation in physician behavior was expected and observed. This design will allow to evaluate the clinical consequences of a wide range of residual OCT 'abnormalities'. Given the high rate of procedure planning change after pre-PCI OCT, clear recommendations as to stent length and size selection, based on pre-PCI OCT imaging, will be applied in ILUMIEN III, a prospective, randomized trial comparing PCI optimization strategies using angiography, OCT, or intravascular ultrasound (ClinicalTrials.-gov NCT 2471586). There is clear indication that operators reacted to post-PCI OCT findings primarily in the presence of less satisfactory PCI results. Not surprisingly, these were seen more often with advanced or more complex disease. In addition to the cost of the OCT catheter itself, post-PCI optimization resulted in increased resource utilization. Extra cost will be weighed against clinical benefit from the analysis of 1-year outcomes. The operator's decision to make use of pre-and/or post-PCI OCT findings was associated with varied periprocedural MI rates, an hypothesis-generating finding that remains to be tested prospectively. Overall, periprocedural MI rate was 7.7%, higher than in stent trials. Absolute MI rates tend to be higher even with the use of identical definitions, when more sensitive assays are used. 8 Today's clinical practice is based on better assays, with increased ability to detect myocardial damage. Given the study population and definitions applied in the present study, the observed figures are realistic and pertain to clinically relevant MI's.
Conclusion
Short-term results of ILUMIEN I, a prospective, non-randomized, observational study of PCI procedural practice in patients undergoing pre-and post-PCI FFR and OCT show that both physician decision-making and procedural strategy were influenced by OCT findings either pre-PCI and/or post-PCI in the majority of patients.
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